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ABSTRACT

Transmembrane transport of endogenous as well as syn-
thetic opioid peptides is a critical determinant of pharma-
cokinetics and biologic efficacy of these peptides. This
transport process influences the distribution of opioid pep-
tides across the blood-brain barrier and their elimination
from the body. A multitude of transport systems that recog-
nize opioid peptides as substrates have been characterized
at the functional level, and these transport systems are
expressed differentially at different sites in the body. Many
of these transport systems have been identified at the molec-
ular level. These include the H"-coupled peptide transport-
ersPEPT1and PEPT2, theadenosine triphosphate-dependent
efflux transporters P-glycoprotein and multidrug resistance-
related protein 2, and several members of the organic anion-
transporting polypeptide gene family. There are however
many additional transport systems that are known to trans-
port opioid peptides but their molecular identities still
remain unknown.
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INTRODUCTION

Opioid peptides play a critical role in a variety of biological
processes, including analgesia, constipation, respiration,
euphoria, sedation, and meiosis.! Specific opiate receptors
mediate the biological effects of these peptides. There are
4 classes of endogenous opioid peptides: enkephalins, endo-
morphins, dynorphins, and endorphins. The structures of
these peptides are given in Table 1. These peptides are gen-
erated in vivo from different precursor proteins (Table 1).
These precursors are found primarily in the brain and gas-
trointestinal tract. Thus, the brain and the gastrointestinal
tract represent the primary targets for these opioid peptides.

Corresponding Author: Vadivel Ganapathy, Department
of Biochemistry and Molecular Biology, Medical College
of Georgia, Augusta, GA 30912. Tel: (706) 721-7652;
Fax: (706) 721-9947; E-mail: vganapat@mail.mcg.edu

In addition to the endogenous opioid peptides, a variety of
synthetic opioid peptides and peptide derivatives have been
developed for therapeutic or investigational purposes. The
biologic efficacy of opioid peptides, either generated endog-
enously or administered exogenously, depends on various
factors, such as the half-life of these peptides in circulation
and entry of these peptides to their target sites. One of the
major determinants of these processes is the transfer of these
peptides across the plasma membrane of cells. Transmem-
brane transport of opioid peptides has the potential to regu-
late the access of these peptides to their target sites, to affect
the half-life of these peptides by influencing their elimina-
tion via tissues such as the liver and kidney, to determine
their oral bioavailability via intestinal absorption, and to
modulate the concentrations of these peptides in the syn-
apse via reuptake from the synaptic cleft. With regard to the
brain, the transfer of these peptides across the blood-brain
barrier is critical for their biologic efficacy, and this transfer
process involves transmembrane transport in endothelial
cells associated with this barrier. Endogenous opioid pep-
tides as well as synthetic opioid peptides and their deriva-
tives exhibit significant hydrophilicity, and therefore the
transfer of these peptides across the hydrophobic core of the
plasma membrane of mammalian cells cannot occur entirely
via diffusion. Specific transport systems have been described
in a variety of tissues and cell types for the passage of opi-
oid peptides across the plasma membrane. The purpose of
this review is to provide a succinct summary of the most
recent findings with regard to the molecular identity and
functional characteristics of the transport systems that are
known to facilitate the transmembrane transfer of opioid
peptides in mammalian cells.

TRANSPORT SYSTEMS FOR OPIOID PEPTIDES AT
THE BLOOD-BRAIN BARRIER

Transfer of solutes across the blood-brain barrier can occur
either in the direction of blood-to-brain or in the direction
of brain-to-blood. Methods are available to study these
2 processes independently. There is evidence for the transfer
of opioid peptides in either direction. The brain microvas-
cular endothelial cell forms the most prominent component
of the blood-brain barrier, and this cell layer is polarized
with differential expression of a variety of transport systems
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Table 1. Endogenous Opioid Peptides and Their Precursors

Opioid Peptide Structure Precursor
Met-enkephalin YGGFM Proenkephalin
Leu-enkephalin YGGFL Proenkephalin
Octapeptide YGGFMRGL Proenkephalin
Heptapeptide YGGFMRF Proenkephalin
B-Endorphin A peptide with 31 amino acids Pro-opiomelanocortin
Dynorphin 1-8 YGGFLRRI Prodynorphin
Dynorphin 1-17 YGGFLRRIRPKLKWDNQ Prodynorphin
a-Neoendorphin YGGFLRKYPK Prodynorphin
B-Neoendorphin YGGFLRKYP Prodynorphin
Endomorphin 1 YPWF-NH, Not known
Endomorphin 2 YPFF-NH, Not known

in the luminal surface versus the abluminal surface. These
transport systems work in tandem to determine the direc-
tionality of the transfer. Even though the evidence for the
transfer of opioid peptides via saturable systems in the
brain-to-blood direction as well as in the blood-to-brain
direction is strong, very little is known on the molecular
identity of the transporters responsible for these processes.
Four different peptide transport systems have been
described for the transfer of peptides across the blood-brain
barrier,3 and these are referred to as PTS-1, PTS-2, PTS-3,
and PTS-4. Among these 4, only PTS-1 recognizes opioid
peptides as substrates. The substrates of PTS-1 include
Tyr-MIF-1  (Tyr-Pro-Leu-Gly-NH,), = Met-enkephalin,
Leu-enkephalin, [-casomorphin (Tyr-Pro-Phe-Pro-Gly-
Pro-Ile), and dynorphin 1-8. Other opioid peptides such as
kyotorphin (Tyr-Arg), B-endorphin, dynorphin A, and
dermorphin (Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH,) do not
serve as substrates for PTS-1. Leucine, a bulky hydropho-
bic amino acid, is an allosteric regulator of this system.
This does not however mean that PTS-1 is related to the
neutral amino acid transport system L at the molecular
level. PTS-1 is most likely located in the capillary endothe-
lial cells of the brain. The transport system appears to medi-
ate facilitated diffusion of its substrates as there is no
evidence for the participation of metabolic energy or trans-
membrane ion gradients in the transport process. A facili-
tated and energy-independent transport system can
potentially function in a bidirectional manner. As the kinetic
parameters of enkephalin transfer in the blood-to-brain
direction are similar to those for transfer in the brain-to-
blood direction, PTS-1 may represent a bidirectional trans-
port system. The molecular nature of this transport system
has not yet been established.

Another transport system, distinct from PTS-1, is involved
in the brain-to-blood transfer of endomorphin-1 and
endomorphin-2.# The synthetic opioid peptides DAMGO
(Tyr-D-Ala-Gly-N-methyl-Phe-glycinol) and DPDPE (Tyr-

D-Penicillamine-Gly-Phe-D-Penicillamine) do not interact
with this transport system. Tyr-W-MIF-1 (Tyr-Pro-Trp-Gly-
NH,) is structurally related to Tyr-MIF-1, but it interacts
with PTS-1 as well as the endomorphin transport system. A
recent study has shown that this transport system is located
in the basolateral side of cultured brain microvascular
endothelial cells.> A distinct transport system specific
for deltorphin I (Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH,) and
deltorphin II (Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH,) has
also been described in brain microvessels.® This transport
system shows partial dependence on Na* but is not concen-
trative. Furthermore, it does not interact with enkephalins,
DAMGO, or DPDPE. Of interest, naloxone but not naltrin-
dole, competes with deltorphins for transport via this
system. Preloading of the microvessels with glutamine
stimulates the activity of this transport system, but the exact
mechanism involved in the process is not known. Since this
deltorphin-specific transport system was identified by
uptake measurements using intact microvessels,® it is likely
that the transporter responsible for the process is located in
the basolateral side of the endothelial cells.

A NOVEL NA*-DEPENDENT ACTIVE TRANSPORT
SYSTEM FOR OPIOID PEPTIDES

Recently we made a serendipitous discovery in a human
retinal pigment epithelial cell line (ARPE-19) that there is a
Nat*-coupled active transport system specific for opioid
peptides.” Such a transport system has not been described
previously in the literature. The transport system accepts a
variety of opioid peptides containing 4 to 13 amino acids.
The substrates for this transport system include enkepha-
lins, dynorphins, endorphins, and casomorphins. Various
enkephalin derivatives are also recognized by the transport
system as is the synthetic opioid peptide deltorphin II. The
Michaelis constant for different peptides varies in the range
0f 0.4 to 40 pumol/L. Dynorphin 1-13 shows highest affinity
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for the system. This newly identified opioid transport
system is specific for peptides and does not interact with
nonpeptide opioids (antagonists) such as naloxone and
naltrexone. Of interest, the expression of this transport
system in ARPE-19 cells is enhanced markedly by Tat, a
protein encoded by the human immunodeficiency virus-1
genome. The functional features of the transport system in
control cells and in Tat-expressing cells remain similar,
including the Na*-dependent nature and substrate specific-
ity. CI™ also plays a role in the transport function, but it is
not clear whether the role of this anion in the transport pro-
cess is direct or indirect. Na*-activation kinetics of the
transport process suggests involvement of at least 3 Na*
ions per transport cycle. Theoretically, such a transport sys-
tem is expected to be highly active with an exceptionally
marked ability to mediate the cellular uptake of its substrates
against a concentration gradient. The unique functional fea-
tures of this transport system reveal that it is not identical to
any of the transport systems that have been identified previ-
ously either at the functional level or at the molecular level.
The molecular identity of this novel opioid peptide trans-
port system remains unknown.

An exactly identical transport system is also present in SK-
N-SH cells, a human neuronal cell line (S. Miyauchi and
V. Ganapathy, unpublished data, March, 2004). The char-
acteristics of the system in these cells, monitored with del-
torphin II as a substrate, are very similar to those in control
and Tat-expressing ARPE-19 cells. The uptake of deltor-
phin II in SK-N-SH cells is Na*-dependent and inhibitable
by Leu-enkephalin, Met-enkephalin, and dynorphins. The
affinities for various endogenous opioid peptides are in
the following order: dynorphin 1-13 (0.15 = 0.01 uM) >
dynorphin 1-6 (3.5 = 0.4 umol/L) > dynorphin 1-7 (4.6 =
1.1 pmol/L) > Leu-enkephalin (7.8 = 1.2 pmol/L) >
Met-enkephalin (10.7 = 3.1 pmol/L) > deltorphin II (19.5
#+ 7.8 umol/L). Of interest, L-lysine is a potent inhibitor of
this transport system. Among the naturally occurring amino
acids, L-lysine shows the greatest inhibition of deltorphin
II uptake. Under similar conditions, L-leucine, L-valine,
D-alanine, D-tyrosine, and L-arginine also show significant
inhibition, but the potency is much smaller than that seen
with L-lysine. D-lysine has no effect, indicating stereo-
selectivity for the inhibition. Dose-response studies have
shown that the inhibition with L-lysine occurs with a K;
value of 160 = 19 umol/L. However, L-lysine is not a
transportable substrate for the opioid peptide transport sys-
tem. The inhibition of deltorphin II uptake caused by L-
lysine is noncompetitive. L-lysine decreases the maximal
velocity of the transport system without affecting the affin-
ity for deltorphin II. Thus, it appears that L-lysine is a
blocker of the transport system and that the binding site for
L-lysine does not overlap with the substrate binding site on
the transporter.

TRANSPORT OF OPIOID PEPTIDES VIA CLONED
TRANSPORTERS

Peptide transporters PEPTI and PEPT2

PEPT1 and PEPT2 are H*-coupled transporters for small
peptides consisting of 2 or 3 amino acids.® Longer peptides
such as tetrapeptides or pentapeptides are not recognized by
these transporters. PEPT1 is expressed primarily in the
intestine, whereas PEPT2 is expressed in a variety of nonin-
testinal tissues including the brain. If PEPT1 could transport
opioid peptides, it might have relevance to the oral delivery
of synthetic opioid peptides for therapeutic purposes. This
rationale prompted studies on the handling of opioid pep-
tides by PEPT1.? With the human intestinal cell line Caco-
2, which expresses a functional PEPT]1, as the experimental
system, these studies have shown that the synthetic opioid
peptides DALDA (dimethyl-Tyr-D-Arg-Phe-Lys-NH,) is
not a substrate for PEPT1. However, the opioid peptide
kyotorphin is transported by PEPT2.10-11 This is not surpris-
ing because kyotorphin is a dipeptide; dipeptides are excel-
lent substrates for PEPT2. PEPT1 differs from PEPT2
primarily in substrate affinity, the former being a relatively
low-affinity transporter and the latter a high-affinity trans-
porter. Substrate specificity is quite similar for the 2 trans-
porters. Therefore, it is quite possible that kyotorphin is also
recognized as a substrate by PEPT1 but with a lower affinity
compared with PEPT2. It is unlikely, however, that longer
opioid peptides, either endogenous or synthetic, would be
recognized as substrates by either of these 2 transporters.

P-glycoprotein

P-glycoprotein is a transporter encoded by the multidrug
resistance gene MDRI. It is an adenosine triphosphate
(ATP)-dependent transporter, and the energy released from
the hydrolysis of ATP is coupled to the active efflux of sub-
strates from the cells. The substrate specificity of P-glyco-
protein is very broad, including a wide variety of peptides.
This efflux transporter is expressed on the luminal side of
the endothelial cells, which constitute the blood-brain bar-
rier.!2 Therefore, it is plausible that the transporter might
function in the transfer of opioid peptides across the blood-
brain barrier in the brain-to-blood direction. Nonpeptide
opiates such as morphine!3-15 and asimadoline!® are effluxed
from the brain across the blood-brain barrier via P-glyco-
protein. Knockout mice lacking either one or both isoforms
of P-glycoprotein (mdrla™" mice or mdrla/b double knock-
out mice; rodents have 2 genes for P-glycoprotein, whereas
humans have only 1 gene for this protein) accumulate
more opiates in the brain compared with control mice fol-
lowing intravenous injection and exhibit enhanced sensi-
tivity to opiate-induced analgesia.!3-1¢ The brain-to-blood
transport of endogenous (3-endorphin) as well as synthetic
(DPDPE and DAMGO) opioid peptides is impaired when
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P-glycoprotein is inhibited, downregulated, or knocked
out,!3-17.18 guggesting that these opioid peptides serve as
substrates for the efflux transporter. Studies using either
transport measurements or stimulation of P-glycoprotein-
associated ATPase activity have provided more direct evi-
dence for the transport of DAMGO via P-glycoprotein. 1920
There is some controversy regarding the role of P-glycopro-
tein in the handling of endomorphins across the blood-brain
barrier. Using DAMGO as a transportable substrate for
P-glycoprotein, it has been shown that endomorphin 1 and
endomorphin 2 are able to compete with DAMGO for the
transport process,?’ but direct measurements of brain-to-
blood efflux of endomorphins have provided no evidence
for the involvement of P-glycoprotein in the efflux process.?!
These findings may be reconciled if endomorphins function
as inhibitors of P-glycoprotein and not as transportable sub-
strates. Enkephalins do not interact with P-glycoprotein.20-2!
It appears that interaction with P-glycoprotein is dictated by
specific structural features associated with opioid peptides.
Amidation of the C-terminus and presence of at least 2 aro-
matic amino acids as a part of the peptide structure seem to be
essential for recognition by P-glycoprotein.?

ORGANIC ANION TRANSPORTING POLYPEPTIDES

Organic anion transporting polypeptides (human, OATPs;
rodents, Oatps) belong to a large gene family consisting
of at least 36 members.22 These transporters mediate the
transmembrane transport of anionic substrates of diverse
chemical structures and the transport mechanism involves
electroneutral anion exchange. Hence, OATPs/Oatps func-
tion as bidirectional transporters. The expression of OATPs/
Oatps is widespread, detectable in the brain, liver, intestine,
kidney, placenta, and eye. Three synthetic opioid peptides,
DPDPE, DADLE, and deltorphin II, have been shown to be
transported by certain members of the OATP/Oatp family.
This includes the rodent Oatp1, Oatp2, Oatp3, and Oatp423-24
and human OATP-A, OATP-C, and OATP-8.2427 Enkepha-
lins may also be recognized by some of these transporters.26
The primary location of most of these transporters is the
basolateral membrane of hepatocytes.23-25.28-30 Therefore,
these transporters play a critical role in the uptake of opioid
peptides by the liver for subsequent elimination into bile.
OATP-A is located in brain capillary endothelial cells in
humans?#27 and hence is expected to be an important deter-
minant of transfer of opioid peptides across the blood-brain
barrier. There is evidence for marked changes in the ability
of OATP-A to transport opioid peptides due to genetic
polymorphisms.?’

MULTIDRUG RESISTANCE-RELATED PROTEIN 2

Elimination of drugs by the liver consists of uptake into
hepatocytes across the basolateral membrane followed by

secretion of drugs into bile across the canalicular mem-
brane. Opioid peptides enter hepatocytes via OATPs/Oatps.
Secretion of these peptides into bile is also likely to be
mediated by specific transporters. Even though P-glycopro-
tein, which is known to transport certain opioid peptides, is
located in the canalicular membrane, this transporter does
not seem to play a major role in the hepatic elimination of
the opioid peptide DPDPE in vivo.!® Instead, the multidrug
resistance-related protein 2 (Mrp2) appears to be important
for this process.3!:32

CONCLUSIONS

Multiple transport systems participate in the transfer of
endogenous as well as synthetic opioid peptides across the
plasma membrane of mammalian cells. This transfer process
is an important determinant of pharmacokinetics of these
peptides because it influences their distribution across the
blood-brain barrier and their hepatic elimination. Even though
many of the transport systems that recognize opioid peptides
as substrates have been identified at the molecular level, there
are some novel opioid peptide transporters that have been
characterized only at the functional level. The molecular
identity of these transporters still remains unknown.
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